The ferrite-martensite dual phase (DP) steels offer a better combination of strength and ductility than other conventional steels with equivalent static strength which are generally used in the automobile industry. The continuous martensite phase in DP steels seems to play an important role in determining fatigue properties and be a key factor to gain a higher resistance to fatigue. Additionally it is very important from a practical point of view to improve the fatigue properties after prestraining or cold working. The effects of microstructural morphology and prestraining on the propagation behavior of short fatigue cracks in DP steels were investigated by the in-situ observation in a scanning electron microscope. The material with martensites continuously surrounding individual ferrites exhibited a higher fatigue strength and longer fatigue life than those of the material with martensite phase dispersed in the ferrite matrix. Cold rolling prior to fatigue testing resulted in a decrease of fatigue life for both materials, especially an extreme decrease for the martensite-dispersed material. It was found that the fatigue crack propagation was sensitive to microstructural morphology and prestraining only in the small crack within a range of approximately 250 mm and the propagation life of this region governed the total fatigue life.
Introduction
It is known that the ferrite-martensite dual-phase steels offer a better combination of strength and ductility than other steels with equivalent static strength. They are generally used in the automobile industry where higher fatigue strength is required. Fatigue property is one of the most important engineering properties for dual-phase steels and has been a subject of extensive research work. Several investigators have shown that the fatigue strength of dual-phase steels which usually consist of martensite phases dispersed in ferrite matrix exhibits an improvement by controlling the heat treatment process. [1] [2] [3] [4] The continuity of martensitic phase seems to have an important role on fatigue properties with particular reference to the propagation behavior of short fatigue crack which is responsible for the total fatigue life in a low cycle fatigue region. Additionally it is very important from a practical point of view to know how the fatigue properties of the material are influenced by prestraining or cold working. 5) An early stage of fatigue crack growth behavior is of great research interest, because of the anomalous nature of short crack growth behavior as compared to long crack growth. Several researchers have reported the dependence of long crack growth behavior and fatigue threshold stress intensity range on microstructure of dual-phase steels. [6] [7] [8] [9] [10] [11] However the effects of microstructural morphology and prestraining on short crack growth behavior have not been fully explored because of experimental difficulties.
In the present study, particularly low cycle fatigue behavior was investigated for the dual-phase steels with different microstructures. The in-situ observation was made to understand the processes of fatigue crack initiation and fatigue crack growth in early stage.
Experimental Procedures
The material tested was a commercial low carbon steel with a main chemical composition listed in Table 1 . and was received as a 2 mm thick hot-rolled sheet. In order to study the effect of microstructural morphology on fatigue characteristics, two microstructures, one with martensites dispersed isolatedly in ferrites (hereafter referred to as M-D) and the other with martensites continuously surrounding individual ferrites (hereafter referred to as M-C), were prepared. The M-C material was obtained by reheating the normalized steel into the a-g region, partially transforming to austenite and then quenching. The heat treatment cycles used are shown in Fig. 1 . Prestraining was given by cold rolling with the reduction of approximately 20 %. The microstructures of the investigated materials are shown in Fig.  2 . The mechanical properties, volume fraction of martensite and hardness of materials are listed in Table 2 . Non-prestrained M-D and M-C materials have almost the same values of static strength, elongation, volume fraction of martensite and hardness. The 1 mm thick specimens with a notch of 1 mm in radius were machined from each sheet product to the geometry shown in Fig. 3 . The estimated stress concentration factor Kt of the notch is approximately 2.8. After machining all the specimens were chemically polished by approximately 100 mm in thickness to avoid possible effects of residual stresses on fatigue behavior. Fatigue tests were conducted in a tension-tension mode at a stress ratio of 0.1 at 20 Hz in vacuum in a closed-loop servo-hydraulic testing machine mounted in a scanning electron microscope. The stress ratio is defined as the ratio of minimum nominal stress to maximum nominal stress. The in-situ observation of the early stage of fatigue crack growth was carried out at the maximum nominal stress of 340 MPa using the same fatigue testing apparatus. For the observation the fatigue tests were interrupted at an interval of a few thousands fatigue cycles, then the observation was made in a scanning electron microscope. The in-situ observation was made from the direction perpendicular to notch root, then from the direction perpendicular to specimen side as shown in Fig. 4 .
Results and Discussion
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The results of fatigue tests are shown in Figs. 5(a) and 5(b) for non-prestrained and prestrained materials respectively. For both materials, the M-C material which consists of martensites continuously surrounding individual ferrites shows the higher fatigue limit than the M-D material at 10 7 cycles, which well agrees with the earlier results of nonprestrained materials. [1] [2] [3] [4] It is interesting to note that there is a considerable difference in fatigue limit between non-prestrained M-D and M-C materials with different microstructural morphologies in spite of almost same static strength and hardness.
No cracks longer than 10 mm were recognized at 10 7 cycles at the stress lower than the fatigue limit. Some of the present authors have reported the similar result of observation in fatigue limit of 10 7 cycles for aϩb titanium alloys with the same specimen configuration and experimental conditions 12) as the present study. The continuity of martensite phase seems to increase a resistance to fatigue crack initiation and eventually fatigue strength in both non-prestrained and prestrained materials. This might be explained in terms of the ferrite grain constrained by martensite phase. 13) The fatigue limits of the materials prestrained by cold rolling with the reduction of approximately 20 % were larger than those of the non-prestrained materials as observed in Fig. 5 . However the increase in fatigue strength due to prestraining was not so large as compared to the increase in static strength brought by prestraining. 13) 
Low Cycle Fatigue Life
The S-N curves shown in Fig. 5 indicate that the number of cycles to failure for the M-C material in the short life region is longer than the M-D material in both non-prestrained and prestrained conditions. Since it is assumed that because of the specimen geometry and high applied stresses crack initiation should occur in the very early stage of fatigue life and the process of the crack propagation, particularly the short crack propagation should play an important role in the total fatigue life, 12) it is interesting to study the influences of microstructural morphology and prestraining on the process of early stage of fatigue crack growth. For this reason, the in-situ observation of the fatigue crack initiation and the early stage of crack growth in the specimens of all the materials was made at a maximum nominal stress of 340 MPa.
In-situ Observation of Crack Initiation
The SEM in-situ observation revealed that multiple cracks initiated in ferrite grains after 10 000-20 000 cycles for all the materials. It was found that at first the fatigue crack initiated on the notch root surface at mid-thickness. The crack length at the visible initiation was 10-20 mm. There was little difference in the behavior of crack initiation among two microstructural morphologies. As compared with the case in the non-prestrained materials, the crack in the prestrained materials showed a tendency to ini- tiate along a slip band in a straight way as seen in Fig. 6 . The number of crack initiation sites in the prestrained materials was fewer than that in the non-prestrained materials. Figure 7 shows the typical fatigue fracture appearance at the initiation site for M-C and prestrained M-C materials.
The incipient crack appears to grow in the direction approximately 45°to the maximum tensile stress axis for all the materials tested. After that the crack propagates as a surface crack with coalescence of small individual cracks in the direction of plate thickness, then finally propagates as a through thickness crack in the direction of specimen width. Figure 8 plots the crack length on the notch root surface vs. the number of cycles for the non-prestrained materials. The observation was made from the direction perpendicular to the notch root. A significant difference is seen in the rate of crack growth for the crack length exceeding 50 mm, which corresponds to the average ferrite grain size for both materials. When the crack length is shorter than 50 mm, no difference is seen between them. In the case of the M-D material, some cracks initiate in ferrite grains and easily deflect at large and hard martensite phases. Consequently coalescences of these cracks frequently happen as seen in Fig.  9(a) and the coalescence of cracks accelerates the propagation of short cracks. On the other hand, a short crack in the M-C material is prevented from propagating at the continuous martensite phase around a ferrite grain as seen in Fig. 9 (b) and this material gets the longer propagation life in this stage.
In-situ Observation of Short Crack Propagation
In Fig. 10 , the growth of short cracks in the prestrained and non-prestrained materials is plotted with the number of cycles. While the crack length in the prestrained materials develops rapidly for the M-D material, only a slight increase due to the prestrain is found in the crack growth in the M-C material. In the prestrained ferrite, a short crack has a tendency to propagate straightly along a slip band as seen in Fig. 11(a) . Because in the prestrained ferrite, the site of crack initiation is limited to the deformation band introduced by prestraining as described above, it is considered that once a crack initiates, the crack is apt to propagate along the same deformation band in succession. Consequently the propagation rate of the prestrained M-D material increases in the prestrained ferrite grains. The crack propagation rate for the prestrained ferrite of the M-C material also increases, but the martensite phase around ferrite grains prevents the crack extension as shown in Fig. 11  (b) . Figures 12 and 13 show the schematic illustrations of short fatigue crack paths for the non-prestrained and the prestrained materials, respectively. It was found that the propagation behavior of the surface crack longer than approximately 250 mm was similar among all the materials and was not sensitive to microstructural morphology or prestraining as described in Sec. 3.5. Microstructure and prestraining seem to have significant effects on the part of short crack propagation within a range of approximately 250 mm and the propagation life in this region seems to govern the total fatigue life.
It is known that a short fatigue crack shows an anomalous growth behavior as compared to a long crack. 14) According to the classification of short fatigue crack, 15, 16) a surface crack shorter than approximately 250 mm, which corresponds to 5 times as large as the average ferrite grain size seems to belong to the type of both mechanically and microstructurally short crack. In this region fracture mechanics parameters are invalid and a short fatigue crack growth is very sensitive to the microstructural factors such as second phase, grain boundary and inclusion and because of tiny crack surfaces closure is not fully developed as compared to a long crack. It is reasonably assumed that continuity of martensite phase is an intrinsic factor responsible for the crack propagation behavior in this region, because no significant difference was seen in a density and a dispersion of incipient cracks between M-D and M-C materials. It was also found that continuous martensite phase increased the resistance to crack growth even after prestraining.
On the contrary, a surface crack longer than 250 mm is in the type of a mechanically short but microstructurally long crack. It is known that the anomalous crack growth behavior in this region is well explained in terms of the development of increased crack closure. 14) Since it was found that there was little difference in the propagation behavior in this region for all the materials as described below, it is considered that microstructural morphology or prestraining does not give a significant influence on crack closure, eventually crack propagation rate in this region. Figure 14 shows the propagation behavior of through thickness crack for all the materials. The observation was made from the direction perpendicular to the specimen side. It was observed that the propagation of a through thickness crack of M-D material was deflected at a large and hard martensite phase until final fracture, whereas in case of M-C material, it propagated without staying at boundaries of continuous martensite phases. There is little difference in the crack propagation rate among the four materials as seen in Fig. 14 . The propagation rate of through thickness crack is controlled virtually by DK as shown in Fig. 15 and the propagation behavior of through thickness crack is not sensitive to microstructural morphology or prestraining for the specimen geometry and experimental conditions used in the present study. Figure 16 shows the life of each stage occupied in the total fatigue life in the case of a maximum applied stress of 340 MPa. The total fatigue life is divided into three parts, namely, the life for visible crack initiation, the propagation life of surface crack and the propagation life of through thickness crack. Furthermore the region of surface crack consists of two parts, that is, the part of crack length shorter than 250 mm and the part of that longer than 250 mm. The life needed for crack initiation was defined as the cycles consumed until a crack could be identified first. It was found that the propagation life of surface crack especially within the length of 250 mm occupied an extremely large part of total fatigue life and was subject to the effects of microstructural morphology and prestraining. In contrast, the lives for initiation and propagation of the through thickness crack show little difference in all the materials. While the total fatigue life of the prestrained material slightly decreases in M-C material, a remarkable decrease can be seen in the total fatigue life, especially the life of surface crack in the case of prestrained M-D material. It is very useful from an engineering point of view to note that the continuous martensite phase increases the resistance to crack propagation in the region of mechanically and microstructurally short crack in the present study. 
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Conclusions
The effects of microstructure and prestraining on the fatigue crack initiation and propagation behavior of the ferrite-martensite dual phase steels with controlled microstructural morphologies were investigated using notched specimens with a focus on the short crack growth. The results are summarized as follows:
(1) A propagation behavior of a fatigue crack shorter than approximately 250 mm is very sensitive to microstructural morphology. The martensite-continuous material improves the fatigue life particularly in this region because a short crack is prevented from propagating through continuous martensite phases and gives longer total fatigue life.
(2) Prestraining tends to increase the crack propagation rate in ferrite grains and reduce the propagation life of a short crack especially shorter than 250 mm in both martensite-continuous and martensite-dispersed materials. However the continuous martensite phase still holds the resistance to crack propagation in this region even after prestraining. 
